Introduction
Diaryl ethers are crucial structural motifs in natural products as well as synthetic compounds [1] [2] [3] [4] [5] [6] [7] [8] [9] , including antibiotic vancomycin [6, 7] , perrottetines [8] , and chloropeptins (anti-HIV agents) [9] . Therefore, effective methods for the synthesis of diaryl ether bridges are highly desired. Although the classical Ullmann coupling reaction has been used successfully for the arylation of phenols with aryl halides in the presence of copper or copper salts, the required harsh reaction conditions have hindered its widespread promotion and industrialization [10] [11] [12] .
In the past two decades, much effort has been devoted to the development of efficient methods for the synthesis of diaryl ethers. The introduction of ligands into Pd-catalyzed C-O coupling reactions successfully overcame the limitations of the classical Ullmann coupling reaction [13] [14] [15] . Although there has been tremendous development in Pd-catalyzed C-O bond formation reactions, copper has not been replaced and is still widely used as an economical and less-toxic catalyst [16, 17] .
Research interest in copper-assisted O-arylation coupling reactions was aroused by the discovery of certain effective copper catalyst systems, such as combinations of copper salts with bidentate ligands, which enable the execution of coupling reactions under relatively mild conditions [17] [18] [19] [20] [21] [22] [23] .To date, a number of nitrogen-containing ligands, such as bipyridine [23] [24] [25] , 1,10-phenanthroline [25] [26] [27] , salicylaldoxime [28] , glyoxal bis(phenylhydrazone) [22] , 2-(phenyliminomethyl)pyridine [25] , and trans-1,2bis(2′-pyridylidenamino)cyclohexane (Chxn-Py-Al) [28, 29] , have been applied successfully to Cu-catalyzed arylation under mild conditions. However, some relatively expensive reagents, such as Cu(CH3CN)4BF4 [24] , Cu/C [26] , and CuI/KF/Al2O3 [27] , and moisture-sensitive Cs2CO3 [26, 28] are often required for highly efficient O-arylation. In our previous work [30] , we comprehensively studied some typical bidentate ligands and found that electron-rich 4,4′-dimethoxy-2,2′bipyridine and 4,7-dimethoxy-1,10-phenanthroline afforded higher yields than those of simple bipyridine and phenanthroline under typical reaction conditions, using CuI and K3PO4 as the catalyst and base, respectively. However, the exploration of new ligands is still necessary to promote the reaction with less amount of a catalyst.
Taillefer and co-authors investigated several bidentate N2-ligands and reported that unsymmetric 2-(phenyliminomethyl)pyridine showed high catalytic activity in Cucatalyzed O-arylation owing to the combination of two different coordination moieties (pyridine and imine) [25] . They stated that the pyridine nitrogen atom could make the Cu atom more electron-rich, facilitating the oxidative addition to aryl halides, whereas the imine nitrogen atom may make the Cu atom more electron-poor, facilitating the reductive elimination to the products [25] . Their results motivated us to apply their design concept to aromatic moieties. The objective of this study is to apply new N2and N3-ligands composed of two different heteroaromatic structures, pyridine and pyrazole, to the CuI-catalyzed C-O coupling reaction.
Pyrazoles have been used successfully as N-donor ligands for transition metals (Pd, Fe, Co, Ru, Cu, and Ni) in C-C coupling reactions [31, 32] . However, for C-O coupling reactions, the application of metal complexes with pyrazole-containing ligands has not received enough attention thus far [28] . The basicity for a pyrazole nitrogen (Npz: pKa = 2.47) is somewhat weaker than that of the pyridine nitrogen (Npy: pKa = 5.23), which may be similar to that of 2-(phenyliminomethyl)pyridine derived from 2-pyridylcarboxaldehyde and aniline [25, 33] . Moreover, proper disposition of coordinating atoms is important to enhance the efficiency of the metal/ligandcatalyzed reaction by stabilizing the complex. In view of the fact that nitrogencontaining ligands play an indispensable role in Ullmann-type coupling reactions [34] , we also investigated several new ligands, copper salts, and reaction conditions. Herein, we report the application of a series of ligands containing the pyrazole moiety (L1-L3) and their activities in Cu-catalyzed O-arylation, as well as the ligands (L4-L7) featuring only the pyridine moiety ( Figure 1 ). For comparison, an efficient symmetric N2-ligand, 4,4′-dimethoxy-2,2′-bipyridine (L8) [30] , was also investigated in this study. L1 was chosen as an asymmetric N2-ligand having both Npy and Npz atoms and was employed in the preparation of a complex with CuI in acetonitrile. As shown in Figure   2a , single-crystal X-ray analysis revealed the dimeric form of a CuI·L1 1:1 complex (Support Information Files 1 and 3). On the other hand, L2 and L3, which contain two and three Npz atoms, respectively, were expected to act as both N3-ligands and N2ligands; therefore, their Cu complexes were more stable than that of L1 because of the presence of an additional coordinating N atom. The three pyrazole-containing ligands (L1-L3) are not only commercially available, but also easy to prepare [35] [36] [37] .To determine whether pyridyl N3-ligands are effective for the reaction, L5-L7
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were prepared by quaternizing the aliphatic carbon of L4, which was also expected to serve as a N3-ligand and a N2-ligand similar to L3. On the other hand, all three Npy atoms of L5-L7 seemed to be able to coordinate with Cu owing to the quaternary carbon. In fact, the crystal structure of the CuBr complex of L6 revealed that its three pyridine moieties coordinated to the same Cu atom in the polymeric form ( Figure 2b , Support Information Files 2 and 3). To the best of our knowledge, no study has reported the activities of these seven ligands in O-arylation. In order to investigate the potential of the ligands, the arylation of p-cresol with 4iodotoluene was studied at 100 °C in DMSO in the presence of 10 mol% CuI and 10 mol% ligand, which are 50% and 75% lower than the amounts used for several bipyridine derivatives in our previous work, respectively [30] . The results are summarized in Figure 3 . It is clear that L1 efficiently promoted the coupling reaction by affording 90% yield of 3a, which was much higher than that obtained with no ligand (55%) ( Table S2 , entries 2 vs. 1). In order to examine the catalytic activity of
[CuI·L1]2 (Figure 2a ), a control experiment was conducted with the pre-formed complex equivalent of 10 mol% CuI. As shown in entry 3 of Table S2 , a comparable yield of 89% was obtained. It can be considered that [CuI·L1]2 was symmetrically 6 divided into two units, i.e., 2[CuI·L1] (Inset of Figure 2a ), under highly polar and high temperature reaction conditions.
Another new ligand containing two pyrazole groups, 2,6-di(1-pyrazolyl)pyridine, L2, was found to be unexpectedly less efficient (63% yield) than L1 as seen in Figure 3 ( Table S2 , entries 4 vs. 2). Due to the rigid bonds between the pyridine and pyrazole moieties, L2 served as a N2-ligand, identical to L1, however, the non-binding pyrazole moiety might limit the interaction with the substrate. On the other hand, L3
having three pyrazole moieties gave a good yield of 81%, which was much higher than that obtained using L2 (Table S2 , entries 5 vs. 4) and about 10% lower than that using L1. It is likely that two Npz atoms of L3 effectively coordinate with Cu, and a non-coordinating pyrazole moiety may be located apart from the Cu atom because of the mobility around the tertiary carbon connecting the pyrazole moieties. The activity of L4-L7 featuring three pyridine moieties was also evaluated, and these ligands gave yields of around 70% as seen in Figure 3 ( Table S2 , entries 6-9). Considering the structures, however, the coordination mode of L4 may be the same as L3 but different from that of L5-L7, i.e., only two Npy atoms of L4 could coordinate strongly and the other pyridine moieties may not contribute efficiently. On the other hand, L5-L7 worked as N3-ligands as shown by the crystal structure of CuBr·L6 in Fig. 2b .
In any case, considering the lower yields for L4-L7 than those obtained for L1 and L3, the more flexible but bulky dipyridylmethyl structure seems less favorable. In addition, although L5-L7 have different substituents on the quaternary carbon, the nature of these substituents most likely did not affect the activity of the ligands (Table   S2 , entries 7-9). Although additional Npy coordination in L5-L7 stabilized the Cu complexes more, it caused steric hindrance in the following reaction, leading to a yield similar to that of L4. That is, this structural modification may have positively and negatively contributed to the reaction, leading to results similar to those for L4-L7.
In order to understand the characteristics of L1 that make it the best ligand, L8, as the most efficient bipyridine ligand [30] , was applied under the same reaction conditions. As shown in Figure 3 , L8 gave a 23% lower yield than that of L1 (Table   S2 , entries 10 vs. 2), although it afforded ~90% yield when four times more of its amount (40 mol%) was used with 20 mol% CuI [30] . This reveals that the combination of pyrazole and pyridine moieties as a N2-ligand is highly efficient for the O-arylation reaction. Moreover, new N3-ligands L4-L7 afforded yields comparable to that obtained using L8, which were much higher than that using the simple 2,2′-bipyridine [30] . Therefore, the appropriately arranged three pyridine moieties effectively work for the reaction. L1, which has a weaker electron-donating atom, Npz, with a stronger one, Npy, was more effective than electron-rich L8 in the coupling reaction. This result seems to contradict the conventional notion that a more stable complex catalyst is beneficial for coupling processes [39, 40] . To clarify the difference in the ligand electronic properties, the atomic charges of the monomeric CuI·L1 1:1 complex, derived from the crystal structure of the 2:2 complex (Figure 2a ), were calculated; the optimized structure is depicted in Figure 4a . The corresponding complexes of bipyridine (bpy) and L8, derived using the density functional theory, were also calculated and compared in Figure 4 . The Cu atom in the CuI·L1 complex has a positive charge of 0.113 |e -| (Figure 4a ), whereas the Cu atoms in the bpy and L8 complexes have lower positive charges of 0.086 |e -| and 0.080 |e -| (Figures 4b and 4c ), respectively.
The relationship between bpy and L8 corresponded to that between their reported oxidation potentials [25] .
The calculation suggests the Cu atom in its L8 complex is easier to oxidize than that in the bpy complex, which leads to a higher reaction yield of the O-arylation. On the other hand, compared to CuI·L8, the positive electron density of the Cu atom of the L1 complex is about 40% higher, whereas the yield is more than 20% higher. This indicates that the Cu atom in the L1 complex behaves quite differently from that in the complexes of bipyridine-type ligands, which agrees with the discussion by
Taillefer et al. [25] They observed the opposite substituent effect for imino pyridine and bipyridine ligands and elucidated it through the oxidative addition-reductive elimination mechanism [25, 41] .Our calculation data support the discussion; that is the asymmetric ligand complexes can be used in the reductive elimination step because the CuI·L1 complex is effective for the reductive elimination or less active for oxidation due to its higher positive charge. On the other hand, the CuI·L8 complex is effective for the oxidative addition step because of its lower positive charge.
Thus, with L1 as a suitable ligand, the reaction parameters of the model reaction were optimized. The results are summarized in Table 1 . First, the effect of the solvent was studied with CuI as the catalyst (entries 1-5). When the reaction was carried out in various solvents, namely 1,4-dioxane, toluene, CH3CN, dimethylformamide (DMF), and dimethyl sulfoxide (DMSO), the isolated yields of 3a ranged from 29% to 90%, which indicates that the nature of the solvent has a significant influence on the coupling reaction. The best yield of 90% was obtained when the reaction was performed in DMSO at 100 °C (entry 5). The effectiveness of the solvents decreased in the following order: DMSO > DMF > toluene > 1,4-dioxane > CH3CN. According to previous reports [42, 43] , the reaction intermediates exist in the equilibrium between neutral and ionic forms in the reaction solution, and the neutral form is favored in non-polar solvents, whereas the ionic form is favored in polar solvents.
Considering the excellent performance of DMSO with the highest polarity (ε = 46.5), the formation of ionic intermediates is crucial to the process than that of neutral intermediates. Likewise, a polar solvent is reasonably favorable for CuI and K3PO4, which are ionic compounds and more soluble in polar solvents such as DMSO and DMF [45] . For CH3CN, the limitation of the reaction temperature of 82 °C [44] may be the main reason for the lowest yield in spite Five Cu(I) sources were then screened as catalysts in DMSO at 100 °C as shown in Table 1 , entries 5-9. The results revealed that CuI is an excellent catalyst for the coupling reaction (entry 5), whereas CuBr and CuCl exhibited lower performance of 66% under the same reaction conditions (entries 6 and 7). In addition, two other cuprous sources, CuSCN and Cu2O, afforded 3a in 84% and 47% yields, respectively (entries 8 and 9). From the results, the counter anion species also considerably affects the reactivity of the copper complex, and a hydrophobic anion seems favorable.
Finally, we investigated the influence of reaction temperature and time on the coupling reaction. The effect of temperature on the yield can be observed in entries 5, 10, and 11: the yield decreased from 90% to 67% when the temperature was lowered from 100 °C to 90 °C (entries 5 and 10). In contrast, the yield showed no obvious change when the temperature was increased from 100 °C to 120 °C (entry 11). The results showed some temperature dependence, and the optimum temperature was 100 °C. Therefore, it is reasonable that the yield decreased drastically for CH3CN because of its lower boiling point of 82 °C (entry 3). The time-dependence was also studied, and the results are shown in entries 5, 12, and 13. When the reaction time was changed from 24 h (entry 5) to 22 h and 20 h (entries 12 and 13), the yield decreased by approximately 10%. This shows that the reaction requires 24 h to achieve yields higher than 90% under the conditions used in this study.
In order to determine the scope of the L1-assisted Cu-catalyzed diaryl ether synthesis, various phenols and aryl halides were investigated under the optimized reaction conditions: 10 mol% CuI·L1 in DMSO at 100 °C. As shown in entries 1 and 2 of Table 2 , phenols with electron-donating substituents, i.e., Me and MeO groups, afforded an approximately 90% yield in the coupling with 4-iodotoluene. Interestingly,
4-MeO and 2-MeO groups led to almost identical yields (entries 2 and 3). 2-
Methylphenol gave the corresponding product in 75% yield (entry 4), which is 15% lower than that obtained with 4-methylphenol (entries 4 vs. 1), but 5% higher than that with phenol (entries 4 vs. 5). The results suggest that the steric hindrance of phenol can affect the reaction to some extent, but cannot be completely offset the electron-donating effect of the methyl group. Nearly identical results were obtained with the substrates featuring electron-withdrawing substituents, i.e., 4-and 2-chlorophenols, with yields that were respectively ~25% (entries 6 and 7) and ~45% lower than that obtained using phenol, mostly due to the electronic effect. These results indicate that the electronic nature of the substituent is more influential for phenols than the steric hidrance (entries 1−7) . The yield obtained with 3hydroxypyridine was 57% (entry 8) lower than that obtained with phenol, which suggests that the pyridine ring lowers the nucleophilicity of the hydroxyl group than that of the phenyl ring. The yield of 2-methoxy-4-vinylphenol with 4-iodotoluene was only 30% (entry 9), which is 60% lower than that of the reaction involving 2methoxyphenol (entries 9 vs. 3). Thus, the vinyl group clearly acts as an electronwithdrawing group.
The study of the scope of aryl halides is summarized in Table 3 . Aryl iodides possessing 4-NO2 and 4-Cl groups provided the corresponding products in 89% and 88% yields, respectively (entries 1 and 2), whereas 4-Me-and 4-MeO-substituted aryl iodides gave the corresponding products in 90% and 66% yields, respectively (entries 3 and 4). These results suggest that the reaction is not significantly affected by the electronic properties of the substituents at the para position, although the strongly electron-donating MeO group may lower the reactivity. On the other hand, ortho-substituted aryl iodides afforded the corresponding products in poor yields while the electronic nature of the substituents, Cl, Me or MeO, had slightly influenced the results, affording the similar yields of lower than 30% (entries 5−7). Therefore, steric hindrance can be considered to be a highly influential factor, in contrast with the results for phenols ( Table 2 ). 2-Iodopyridine gave the corresponding product in an excellent yield of 95% (Table 3 , entry 8). The result shows that the electronegativity of the N atom facilitates high reactivity, which suggests that the reaction system is useful for the O-arylation of various nitrogen-containing aromatic compounds. and Figure S3 (Supporting Information File 4). We believe that the low reactivity of the substrate facilitated this side reaction, which mechanism seems to be similar to that of atom transfer radical polymerization [46] .
For the Cu-assisted O-arylation reaction, some radical mechanisms have been proposed by several researchers [34] such as Jenkins and Kochi [47, 48] , van Koten et al. [49] In order to examine the possibility of radical species formation and their effects, free radical scavengers, cumene and 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), also known as a living radical polymerization mediator [50] , were applied to the present reaction system (Table 4 ) [51, 52] . When 1 mmol of cumene, i.e., the same amount of aryl iodide and 10 times more than the amount of CuI, was added, the yield decreased from 90% (entry 2) to 46%, as shown in entry 3 of Table 4 . This yield is about 10% lower than that of the reaction without any ligand (entries 3 vs. 1), and it suggests that radical intermediates can be involved in the reaction. The same amount of TEMPO (1 mmol) was examined and a lower 32% yield was obtained (entry 4). This yield is about 60% of that under the original conditions, however, TEMPO could also react with aryl halide directly as it is a radical species. While 3.0 mmol of TEMPO further lowered the yield (28%, entry 5), it could not completely quench the reaction. Therefore, although some radical species can be generated, its amount seems to be small considering that the amount of the radical scavengers used are 10 to 30 times the catalyst in the present reaction system.
Based on the previous studies on the mechanism [25, 53] and the current results for DMSO, a possible mechanism for the L1-promoted CuI-catalyzed coupling reaction of phenols with aryl iodides is presented in Figure 5 . The generalized mechanism involves oxidative addition (OA) of Cu(I) to an aryl halide to form the Cu(III) intermediate 2, anion exchange or nucleophilic substitution (NS) by a phenoxide, and reductive elimination (RE) to produce a diaryl ether and regenerate the Cu(I) catalyst [52] . In this process, the mixed ligand, L1, also exhibits different behavior from that of L8 featuring only pyridine moieties; in other words, Npy and Npz in L1 play different roles while working cooperatively: Npy favors the electron-rich copper center and promotes the coordination of the aryl iodide, Npz is weaker and accelerates the NS and RE steps, which begin from the electrophilic Cu(III)-centered complex [25] . In addition, this mechanism corresponds to the observation that the steric effect of the substituent is more influential, especially at the ortho-position, for aryl halides than for 
Conclusion
Three pyrazole-containing N2-and N3-ligands (L1-L3) and four N2-and N3-ligands (L4-L7) featuring only pyridine moieties were used for the CuI-catalyzed coupling of aryl halides with phenols. L1 bearing a weakly electron-donating Npz atom and a strongly electron-donating Npy atom was more effective than L8 bearing two Npy binding sites, and caused a 50% reduction in the catalyst loading from 20 mol% CuI·L8 [30] (CuI/L8 in 1:2 ratio) to 10 mol% CuI·L1 (CuI/L1 in 1:1 ratio) while consistently affording yields of up to 90% at 100 °C in DMSO. The electronic nature of the substituent and steric hindrance exhibited different effects on the phenols and aryl halides. Based on the results, a rationalized non-radical mechanism was presented to explain the opposite effects of the substituent on phenols and aryl halides as well as the good performance of unsymmetrical ligand L1.
Experimental

X-ray diffraction measurement
Single crystals suitable for X-ray diffraction analysis were prepared from the saturated acetonitrile solutions of the complexes. Crystallographic information files for [CuIL1]2 and CuBrL6 have been deposited with the Cambridge Structural Database.
CCDC 1884812 and 1884813 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. The detailed crystallographic data is summarized in Table S1 . 
General procedure for synthesis of CuI-catalyzed diaryl ether
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